The rapid assembly of the massive black holes that power the luminous quasars observed at z ∼ 6 − 7 remains a puzzle. Various direct collapse models have been proposed to head-start black hole growth from initial seeds with masses ∼ 10 5 M , which can then reach a billion solar mass while accreting at the Eddington limit. Here we propose an alternative scenario based on radiatively inefficient super-critical accretion of stellar-mass holes embedded in the gaseous circum-nuclear discs (CNDs) expected to exist in the cores of high redshift galaxies. Our sub-pc resolution hydrodynamical simulations show that stellar-mass holes orbiting within the central 100 pc of the CND bind to very high density gas clumps that arise from the fragmentation of the surrounding gas. Owing to the large reservoir of dense cold gas available, a stellar-mass black hole allowed to grow at super-Eddington rates according to the "slim disc" solution can increase its mass by 3 orders of magnitudes within a few million years. These findings are supported by simulations run with two different hydro codes, RAMSES based on the Adaptive Mesh Refinement technique and GIZMO based on a new Lagrangian Godunov-type method, and with similar, but not identical, sub-grid recipes for star formation, supernova feedback, black hole accretion and feedback. The low radiative efficiency of super-critical accretion flows are instrumental to the rapid mass growth of our black holes, as they imply modest radiative heating of the surrounding nuclear environment.
INTRODUCTION
Observations of luminous quasars at very high redshift pose crucial questions on the formation of massive black holes (MBHs) along the history of the Universe. The most distant quasar to date, ULAS J1120+0641, lies at redshift z = 7.084, and it is believed to be powered by a ∼ 2 × 10 9 M MBH (Mortlock et al. 2011 ) that was therefore in place (and shining) 0.76 Gyr after the Big Bang. Together with the handful of bright quasars observed by the Sloan Digital Sky Survey at z ∼ > 6 (Fan et al. 2006) , ULAS J1120+0641 sets tight constraints on any model for the formation and growth of MBHs at early epochs.
It has been long thought that the first MBH seeds were light, specifically ∼ 100 M remnants of the first generation of stars, plausibly formed at z ∼ > 20 (e.g., Madau Madau et al. 2004 ). If gas accretion is Eddington-limited, light seeds could grow to the supermassive variety by z ∼ 7 only if (i) gas accretion continued unimpeded at the Eddington rate for ∼ > 0.6 Gyr, and if (ii) the mass-to-light conversion efficiency of the accretion process was not high, ∼ < 0.1 (Tanaka & Haiman 2009 ). The first condition seems hard to satisfy in the shallow potential of low-mass dark matter haloes, as radiative feedback from the progenitor and from BH accretion itself dramatically affects the gas inflow and its supply to the hole, resulting in sub-Eddington rates, therefore negligible mass growth (e.g., Wise, Turk & Abel 2008; Milosavljević et al. 2009; Alvarez, Wise & Abel 2009 ). The second condition is problematic too, as it requires a radiative efficiency well below that proper of accretion onto rapidly rotating black holes. Indeed, there are mounting evidences that the most massive holes at high redshifts power radio-loud AGNs (see, e.g., Ghisellini et al. 2014 ). These are thought to be associated with Kerr holesthough observational evidences of the widely accepted jetspin connection are, at best, scarce, even in the well studied Galactic stellar black hole candidates (see, e.g., Russell, Gallo & Fender 2013) .
Over the last decade, a number of alternatives to the "light seed scenario" have been proposed. Heavy seeds, with masses as large as ∼ > 10 4 M , may form through the direct collapse of low angular momentum gas at high redshifts (see, e.g., Loeb & Rasio 1994; Bromm & Loeb 2003; Koushiappas, Bullock & Dekel 2004; Spaans & Silk 2006; Mayer et al. 2010 Mayer et al. , 2014 , likely via the intermediate stages of a supermassive star and a "quasistar" (Begelman, Volonteri & Rees 2006; Begelman, Rossi & Armitage 2008; Begelman 2010; Dotan, Rossi & Shaviv 2011) . For such mechanism to work one needs to, at the same time (i) avoid fragmentation, (ii) effectively dissipate angular momentum, and (iii) drive gas towards the centre of the protogalaxies at a rate ∼ > 1 M yr −1 (e.g, Ferrara, Haardt & Salvaterra 2013; Latif et al. 2015) . There is still no consensus, to date, about where and when such conditions are actually fulfilled.
In a previous paper (Madau, Haardt & Dotti 2014 , hereinafter MHD14), we discussed super-critical (i.e., superEddington) accretion onto stellar mass seeds as a possible mechanism for bypassing the above difficulties. We used the radiatively-inefficient "slim-disc" solution (Abramowicz et al. 1988 ) -advective, optically thick flows that generalise the standard Shakura & Sunyaev solution (Shakura & Sunyaev 1973) -and showed how mildly super-Eddington accretion significantly eases the problem of assembling MBHs in less than a billion year. Because of the (accretion-rate dependent) low radiative efficiencies of slim discs around non-rotating as well as rapidly rotating holes, the accretion time-scale in this regime is almost independent of the spin parameter. It is this unique feature of slim discs that makes such models so appealing.
In MHD14 (see also Volonteri, Silk & Dubus 2015) we briefly discussed how conditions for super-critical accretion are physically plausible in the dense environment of high redshift massive protogalaxies. Here, we elaborate upon this concept by means of high resolution simulations of a cluster of stellar mass black holes orbiting the central ∼ 200 pc of a gas-rich galaxy. We show how the interplay between gas dynamics and the black holes can easily lead to the formation of a MBH in the centre of the system within few million years. Though our simulations are highly idealised and should be thought as a proof-of-concept of the scenario we are proposing, they highlight the basic point, i.e. that super-Eddington accretion in well-formed, evolved galaxies is an attractive route to the formation of massive black holes. In fact, a population of stellar mass black holes is expected to reside in the inner ∼ 200 pc, the circum-nuclear disc can provide enough gas to be accreted, and negative feedback is negligible in the high-density clumps developed in the disc. This is the first of a series of papers devoted at the study of the effect of a radiatively inefficient BH feedback on the early growth of stellar mass BHs embedded in a circumnuclear gas disc. In a forthcoming paper (Fiacconi et al., in preparation) we will discuss the nature and properties of the circum-nuclear gas by means of a fully cosmological, highresolution simulation of the formation of a gas-rich massive disc galaxy at z > 6.
SIMULATIONS
We perform a suite of 6 simulations, using the adaptive mesh refinement (AMR) code RAMSES (Teyssier 2002 ) (" R" runs) and the new mesh-free code GIZMO (Hopkins 2014) (" G" runs), which implements a new Lagrangian method to solve the hydrodynamic equations (similar to Godunovtype schemes). The two codes are equipped with similar, but not identical sub-grid recipes for star formation, supernova feedback, BH accretion and BH feedback. While RAMSES is a well-tested AMR code which has been already successfully employed to study circum-nuclear gas discs in merger remnants (Chapon, Mayer & Teyssier 2013) , GIZMO employs a novel numerical technique which is in principle well suited to study the flow in a highly dynamical situation while conserving angular momentum and limiting numerical diffusion, with advection errors that are smaller than grid-based cartesian AMR codes such as RAMSES (Hopkins 2014) . GIZMO is thus supposed to combine the strengths of grid-based and SPH codes while retaining the tree-based gravity solver inherited from GADGET3, which guarantees high accuracy as well as fast computation for self-gravitating discs like those under study here. The use of two different powerful numerical techniques is aimed at checking the robustness and reproducibility of our results.
Initial conditions
In our simulations we consider the nuclear region of a highredshift massive spiral galaxy, where we assume a gaseous circum-nuclear disc (CND hereafter) is hosted. We model the CND following an exponential surface density profile (see Fig. 1 , top panel), with total mass 10 8 M and scale radius 50 pc. The disc is embedded in a stellar spherical background following an Hernquist profile, with scale radius 100 pc and total mass 2 × 10 8 M . Note that the adopted gas mass from the CND is at the lower end of that of CNDs observed in low z merger remnants (e.g., Medling et al. 2014) , and should thus be regarded as a conservative choice for the purpose of our paper. At high redshift galaxies are indeed expected to be more gas rich, which is supported by both theoretical arguments and observational evidence.
The disc, modelled as an ideal gas with polytropic index γ = 5/3, is set in hydrostatic equilibrium in the global potential with an initial temperature T = 10 4 K. The initial conditions are produced using the public code GD BASIC, described in Lupi, Haardt & Dotti (2015) . We show in Fig. 1 , bottom panel, the velocity profile of the gas component in the disc. The CND is Toomre unstable since the beginning of the run in the region between 10 pc and 70 pc, as reported in Figure 2 (blue solid line). In order to check if such low temperature could result in overestimated clumpiness we perform two runs of the disc in isolation, one starting with the above mentioned temperature and one with T = 3 × 10 4 K (the equilibrium temperature in the case of a disc heated by UV background radiation at z ∼ 8). We do not include UV background radiation in the simulation, assuming the disc will become self-shielded. Despite the initially higher temperature, we find that after only few 10 4 years the disc temperature drops to 7 × 10 We then assume that previous star-formation episodes left a population of stellar mass black holes in the galaxy nucleus. The mass of such "black hole seeds" MBH is alternatively set 20 or 100M . We initially distribute the BHs uniformly within the inner 150 pc of the CND. The BHs lay in the disc plane and have an initial velocity equal to the local circular velocity. We add a randomly oriented velocity component sampled from a normal distribution with standard deviation σ ∼ 20% of the maximum circular velocity.
RAMSES Eulerian simulations
We perform two simulations with RAMSES at two different spatial resolutions, namely 0.4 pc ("low" runs) and 0.1 pc ("med" runs). The mass resolution is 10 3 M at the quasiLagrangian threshold for refinement. We include the radiative cooling of the gas adopting the standard prescriptions employed in the code (see Teyssier et al. 2013, for details) . In order to prevent spurious fragmentation at the highest refinement level we add a polytropic pressure term to the gas component (described as a polytrope with γ = 5/3 and temperature 10 3 K at 2 × 10 5 cm −3 ), ensuring to resolve the Jeans length with at least 4 cells at the highest refinement level.
We set a star formation density and temperature threshold of ρ thr = 2 × 10 5 cm −3 and T thr = 2 × 10 4 K, and a typical star formation time-scale of 1 Myr. We also assume a time delay between star formation and the corresponding SNa explosion event of 1 Myr, with a SNa yield of 0.15 (corresponding to stars with masses above 8 M for a Salpeter IMF). In order to model non thermal processes associated with SNa events, we include the blast-wave like feedback described in Teyssier et al. (2013) . In this feedback recipe the SNa energy budget is decoupled from the thermal energy of the gas, preventing, for a typical timescale 20 Myr, the gas to radiatively cool. In our runs we assume a primordial gas composition and we include subsequent metal pollution due to SNae.
GIZMO Lagrangian simulations
Since the public version of GIZMO only includes basic hydrodynamics and gravity, we implement in the code the additional recipes necessary to model gas cooling, star formation, type II SNa feedback and gas accretion onto BHs, in a fashion similar to RAMSES implementations.
We include radiative cooling by means of the GRACKLE 1 chemistry and cooling library, which provides both equilibrium and non-equilibrium chemistry (The Enzo Collaboration et al. 2014; Kim et al. 2014 ). In our runs we employ the equilibrium cooling curve for primordial species (atomic H and He), and tabulated metal cooling and heating from Cloudy (Ferland et al. 2013) .
Gas particles are eligible for star formation when they match the same criteria for density and temperature adopted in our RAMSES runs and belong to a converging flow (i.e., ∇ · v < 0). Resulting star particles are generated locally according to the Schmidt law (Kennicutt 1998) , and using a stochastic prescription as described in Stinson et al. (2006) . We model SNa feedback assuming that after a typical timescale of 1 Myr stars above 8 M explode as type II SNae, releasing 10 50 erg/ M in the form of purely thermal energy.
The non thermal processes that energise the SNa blastwave have a typical dissipation timescale much longer than that of the thermal energy. Therefore, we implement a "delayed cooling" prescription as follows: we temporarily inhibit radiative cooling for gas particles within the SNa maximum extension radius RE defined as in Chevalier (1974) . The SNa energy is then distributed among the gas particles lying within RE, according to their distance from the SNa, weighted through the kernel function used in the code. This is different from the approach taken in the RAMSES runs, in which the energy is wholly released within the cell hosting the progenitor. In GIZMO runs we limit the cooling delay time to 5 Myr only (i.e., 4 times smaller than what assumed in our RAMSES runs). We checked that this set up provides consistent results between RAMSES and GIZMO feedback implementations.
We perform three simulations allowing for two different gravitational resolutions, i.e., 0.16 pc ("low" runs) and 0.02 pc ("high" run). We set the same gravitational resolution for gas particles and BH particles. We use 10 5 particles for the "low" runs and 10 7 for the "high" run, corresponding to a mass resolution of 10 3 M and 10 M , respectively. In our runs we use the finite mass mode available in the code, in which mass transfer between particles is forbidden, so that our simulations are purely Lagrangian.
BH accretion
In RAMSES runs we evaluate the accretion onto the stellar mass BHs using the so-called "flux accretion" prescription. In such a scheme the accretion rate is the mass flux rate within the BH accretion zone, which consists of a sphere of radius equal to 4 cells, i.e.,Ṁacc = −∇ · [ρ∆v]d 3 x, where the integral is over the volume of the accretion zone and ∆v is the gas-BH relative velocity (see Bleuler & Teyssier 2014 , for a detailed description of the implementation).
In order to get a more accurate BH dynamics and to best resolve the accretion rate, we force the region near to each BH to always be at the maximum refinement level, as described in Lupi, Haardt & Dotti (2015) . Forcing the resolution close to the BHs at the highest possible level guarantees that nearby cells own a mass ∼ < 5 × MBH during the whole BH accretion history. This allows us to set 20 M as the initial mass of the BHs in our RAMSES runs.
In GIZMO runs we allow gas accretion onto the stellar-mass BHs for particles lying within a distance from the hole than encompasses an effective number of gas particles N = 32. Such kernel radius h is therefore implicitly defined through the following relation:
The volume partition kernel W (zj) is a function of the normalised distance to the BH zj ≡ |xj − xBH|/h, where xj and xBH are the position vectors of the j-th gas particle and of the accreting BH, respectively (for further details see Hopkins 2014) . Since the kernel radius strongly depends upon the gas density, our scheme would typically overestimate the accretion rate when a BH moves in a low density medium. In order to overcome this problem we enable accretion onto a BH only when the kernel radius is 10 times the softening length of the sink particle. The accretion rate is then computed as described for RAMSES runs.
Because of the large mass of gas particles the dynamics of BHs as light as 20 M cannot be properly solved for. Therefore, we start from a larger initial BH mass, i.e., MBH = 100 M . With such a choice, BHs in the "high" runs have resolved dynamics since the very beginning of the simulation. In the "low" case, the initial BH dynamics and growth is instead affected by the lack of mass resolution. However, as will be discussed in the next section, some BHs grow above 1000 M in a very short time, making dynamics quickly reliable.
With respect to the standard Bondi-Hoyle model, this recipe does not make any geometrical assumption for the gas flow, allowing for a more accurate estimation of the accretion rate, where the effect of angular momentum on the resolved scales is taken into account. However, despite the high resolution reached with the "high G" run, we are unable to properly follow the gas from sub-parsec scales down to the accretion disc scale. This resolution limit could result in a overestimated and more efficient accretion. Such a convergence study is beyond the scope of the present work.
BH feedback
The public release of RAMSES already provides a prescription for AGN thermal feedback (Dubois et al. 2014) , in which the radiation produced by accretion is stored until the total budget is large enough to heat up the surrounding gas to at least 10 7 K. This prescription has been initially proposed by Booth & Schaye (2009) to prevent the gas from immediately loose the small amount of additional thermal energy gained after each time-step, which would result in an ineffective feedback. The RAMSES prescription assumes a fixed accretion radiative efficiency = 0.1, and a fixed fraction = 15% of the accretion energy to be released to gas. In our simulations we suitably modify this recipe to include the effects of accretion in the fashion of slim disc (Sadowski et al. 2014) . To this aim, we estimate using the analytical fit to the numerical results by Sadowski et al. (2014) provided by Madau, Haardt & Dotti (2014) 
where r =ṀE/Ṁ . HereṀE = 16LE/c 2 where LE is the Eddington luminosity. A, B, C are fitting functions scaling with the BH spin a as
At each accretion event we compute the released energy allowed to feedback on nearby particles using this new value for instead of the fixed value 0.1, while the spin is always fixed at a = 0.99 for all BHs. We implement in GIZMO the same prescription for BH feedback. In all simulations we do not include other possible forms of BH feedback, e.g., momentum-driven.
Finally, in order to check whether super-critical accretion is instrumental in leading to very large MBH in a short time, we perform two GIZMO runs setting the radiative efficiency to its custom value, = 0.1 (low G 0.1 and high G 0.1 runs). We report the details of our six simulations in table 1. Table 1 . Settings of our simulation suite. The second column reports the gravitational resolution (for G runs) and the highest refinement level resolution (for R runs). The fourth column is the accretion radius, which is fixed to 4 cells for R runs and depends on the smoothing length for G runs. The last column indicates the type of accretion recipe used. Figure 3 shows the comparison between the low resolution GIZMO runs with (low G) and without (low G 0.1) the slim disc implementation. All the other simulation parameters are the same in the two simulations. It is immediately clear from the comparison that whenever a BH undergoes an intense accretion episode, the large feedback energy available in the radiatively efficient low G 0.1 case evacuates the BH surroundings, efficiently limiting further BH growth. In the low G case, on the contrary, even accretion rates significantly higher thanṀE result in moderate luminosities that do not impact on the densest gas clumps, and therefore BHs can grow considerably faster. As an example, in the low G run the most mass growing BH (that will be referred to as BHtop in all runs hereafter, red line in the bottom-left panel of figure 3 ) reaches a mass larger by up to 2 order of magnitudes compared to the corresponding BHtop in the radiative efficient case at the end of the simulation (red line in the top-left panel panel). The low radiative efficiency of slim discs has then a double effect: first, for any given accretion rate BHs grow faster simply because less mass is lost as radiation (the "(1 − )-effect"); second, the reduced radiative efficiency results in a reduced feedback on the accreting gas, and larger accretion rates are therefore possible (the "Ṁ -effect"). In order to asses how numerical resolution affects our results, we analyse the two high resolution GIZMO runs (high G and high G 0.1), and compare the outputs to the low resolution cases discussed above. Figure 4 shows the accretion history of BHs (left panels) and the effect the accretion feedback has on the gas (right panels). Because of the higher resolution we can now resolve a smaller accretion region around each BH, which has the net effect of reducing the BH mass growth compared to the corresponding low resolution runs. Nevertheless, it is apparent how, also in these high resolution simulations, BH mass growth is strongly suppressed in the radiatively efficient case (top panels). Indeed, for = 0.1, BHtop increases its mass by only 50% of its initial value. We stress again that the different radiative efficiency is only marginally responsible of the different accreted mass in the two cases. As clearly shown in the right panels of Figure 4 , the largest effect is played by the accretion feedback that, in the standard high-efficiency case, evacuates the region closer to the BHs, hence inhibiting further gas accretion.
RESULTS
The implementation of a physically motivated radiative inefficient accretion mode is then a necessary condition for a fast, highly super-Eddington growth of BHs in our simulations, but, as we will show next, is not sufficient. In the following we will focus only on runs including the slim disc prescription, in order to link episodes of super-Eddington growth with the physical state of the BHs and of the nuclear disc, with the ultimate aim of understanding the processes that can possibly lead to high accretion rates. Figure 5 shows the results of the highest resolution RAMSES run med R. The upper left panel reports the mass evolution of the 20 BHs as a function of time. As for the low G simulation discussed above, the implementation of the slim disc efficiency prescription allows BHtop (shown as a red line) to grow within 3 Myr by up to ∼ 3 orders of magnitude in mass. Note that BHtop is not necessary the earliest growing BH of the cluster.
The upper right panel of figure 5 focuses on BHtop alone, showing the time evolution of the accretion rate, and the corresponding distance from the gas clump the BH bounds to during the peak of its mass growth. The accreting clump forms out of a spiral stream developing in the cooling disc, and can not be clearly identified as a bound structure before t ≈ 1 Myr, as shown in the middle left panel. BHtop passes a first time through the overdense stream (middle right panel), and experiences a short ∼ < 0.1 Myr super-Eddington accretion episode, but the radial component of its velocity quickly is large enough to displace it from the overdensity (as observed in theṁBH plot, upper right panel). As the clump grows in mass (up to a maximum of ∼ 3 × 10 4 M in gas), the BHtop feels its gravitational attraction, and is eventually captured by the clump. At this time BHtop undergoes a longer (∼ 0.5 Myr) intense super-Eddington accretion phase. Being the initially small BH surrounded by an overwhelmingly large and cold gas cloud, the BH accretes at the maximum rate allowed by the code (i.e. 500 ×ṀE) until almost all gas is turned into stars. At this point BHtop (already grown by 3 order of magnitudes in mass), together with stars exploding as SNae, can evacuate the residual gas condensation (lower right panel). Note that BHs (including BHtop) accrete most of their mass from, essentially, a single dense clump they randomly come across during the dynamical evolution of the system.
It is important to realise that the gravitational capture of a BH by a dense gas clump is intrinsically stochastic, as clumps form in the disc via gravitational instabilities of cooling gas independently of the presence of seed holes. While the BH-capture process is common in all the simu- lations we ran, the number and mass distributions of gas clumps and, consequently, the fraction of BHs that bind to them, in fact depend upon the spatial and mass resolution we achieve. Figure 6 shows a comparison between runs with different spatial resolution. Among the runs including the slim disc implementation, only run med R (already shown in Figure 5 ) is left out of the direct comparison.
A first clear difference is observable at early times. The runs with lower resolution show a faster initial growth of each individual BH, and the number of growing BHs right after the beginning of the runs (t ∼ < 0.5 Myr) also increases with decreasing resolution. These trends are caused by the larger accretion radius implemented in the lower resolution runs. In these simulations the BHs can start accreting well before the disc develops any significant overdensity. For this reason the feedback of the early BH accretion onto the gas is more efficient, as a larger energy is injected in a lower density medium. As the resolution increases and the accretion radius can be decreased, fewer BHs have an early start, as in the med R run (upper left panel of Figure 5 ) and, more evidently, in the high G run (lower left panel of Figure 6 ).
The high G run, thanks to the exquisite mass and spatial resolutions achieved, shows a richness of structures observable directly in the density map (see the lower right panel of Figure 6 in particular) , in which the formation of dense clumps as well as the feedback exerted by the ongoing SF are clearly visible. The gas particles tracing the gas evolution allow us to follow the formation of the massive clump from which BHtop gains its mass. Figure 8 reports two different projections of BHtop orbit along with the trajectories of 50 gas particles randomly extracted from those forming the massive clump BHtop binds to and accretes from. The clump formation clearly proceeds out of a gas gravitational instability within the dense disc, and starts interacting with BHtop only when their orbits intersect. Strong gravitational perturbations to the BH orbit are clearly seen when the two systems bind gravitationally. The BH growth then exerts a feedback onto the gas particles, that, together with stars exploding as SNae, results in a partial ejection of particles from the BH neighbourhoods and out of the disc plane (as clearly see in Figure 8 lower panel).
We finally analyse the physical properties of clumps in the high G run using the public tool SKID 2 , and report our results for both the disc-like clumps and the more extended gravitationally bound streams in table 2. Clump properties are evaluated at t ∼ 1.6 Myr, when BHtop is in its main accretion phase. Fig. 7 shows the clumps in the disc density map. The reported circular velocity is computed at the half mass radius of the clump. It is worth noticing that typical masses (ranging from few 10 2 M up to few 10 5 M ), as well as the density of our clumps are compatible with the observed properties of local giant molecular clouds (GMCs), though the latter are much less compact (Lombardi, Alves & Lada 2010). The average temperature of the clumps is much higher than the typical temperature of GMCs, mainly because we neglected molecular hydrogen cooling and, at the same time, the metal production in the few Myr of our simulations is not sufficient to significantly alter the gas cooling function. While allowing for a more efficient cooling would initially boost SF in the clumps, further SF could be hampered by the enhanced UV dissociating flux 3 . We conclude by noticing that in our idealised runs the growth of the BHs is finally halted by the star formationdriven gas consumption, and by gas ejection triggered by SNae. However, in a cosmological perspective, the galaxy nucleus would be replenished of gas coming from large scale filaments and/or galaxy mergers. The very short duration of the super-Eddington accretion bursts allows for the growth of stellar mass BHs up to ∼ > 10 4 M or more on a time comparable (or even shorter) than the star-formation timescale.
DISCUSSION AND CONCLUSIONS
We presented the results from a suite of numerical high resolution simulations aimed at studying the accretion of stellar mass BHs in nuclear gaseous discs. We implemented a new BH thermal feedback prescription, that takes into account the possible occurrence of radiatively inefficient accretion bursts during which the BHs can actually increase their masses at a significantly super-Eddington pace. We have employed both AMR and Lagrangian mesh-free simulations, achieving comparable results, which strengthens greatly our conclusions.
The set up of our runs is highly idealised, since BHs are supposed to be already in place in a well formed gaseous disc. The latter, at the beginning of the simulation, starts cooling and eventually forms stars. Furthermore, our simulations are evolved in complete isolation, i.e., no gas flows into the nuclear disc from larger scales (e.g., from outer regions of the host galaxy, from cosmological filaments, or through galaxy mergers). As a consequence, every accretion episode halts when star formation and SNa-driven gas consumption have evacuated the central disc regions.
Though the prescriptions adopted in our simulations regarding star formation and SNa feedback could, in principle, affect the growth of BHs, they are conservative for what concerns gas accretion onto the BHs. First, the star formation rate in a sphere of radius 1 pc (corresponding to the average clump radius) around BHtop is 0.1 M /yr, much larger than the average BH accretion rate ( 10 −3 M /yr). Hence, we can be confident that in our simulations the gas is mostly consumed by star formation rather than by BH accretion. To further prove the point we run a low resolution GIZMO simulation in which we increase the star formation efficiency to its maximum value, and find that even for the resulting extremely high star formation rate (∼ 40 M /yr) the BH accretion history is not significantly modified. Second, our assumed timescale for SNa explosions (1 Myr) is shorter than the typical lifetime of low metallicity stars in the mass range 8 − 40 M ( ∼ > 4 Myr; Hurley, Pols & Tout (2000) ). Our resulting SNa feedback is then already very highly efficient 4 . In this context, we find that SNe produce a high velocity wind (vej 3000 km/s), which can expand Figure 7 . Map of clumps in the high G run at t ∼ 1.6 Myr. The clumps can be grouped in two different classes: CL exhibit a disc-like shape and BS are extended bound streams. up to 5 kpc above the disc plane. In principle such gas could form a galactic fountain falling back on to the disc, allowing for a new phase of super-critical accretion. The cooling function employed in our simulations does not take into account molecular hydrogen, which could induce stronger fragmentation in the disc, and enhance SF. This could, in principle, limit the accretion on to the BHs. However, the presence of radiative feedback from stars (not considered in this study) would act in the opposite direction, dissociating molecular hydrogen and thus allowing for higher inflow rates towards the BHs. Both the modelling of the large scale galactic potential (essential to assess the fate of the SNa driven wind) and the effect of molecular hydrogen cooling (and related stellar dissociating flux) are beyond the scope of our study.
Regardless the spatial/mass resolution and the kind of hydrodynamical code used, a coherent picture emerges. If BHs have to grow by 2-3 order of magnitudes in mass, radiative inefficient accretion is a necessary condition, but not a sufficient one. BHs must find themselves embedded in gas structures that need to be: (i) massive enough to provide the gas reservoir, and (ii) dense enough to survive feedback. This may occur when the cooling gas fragments in clumps, and some of the BHs bind to them. Such process allows some of the BHs to reach masses as high as 10 3 -10 4 M on Myr timescales, making them viable candidates as seeds of the supermassive variety of BHs powering high redshift quasars.
Mass accretion onto the BHs depends upon the number, mass and density of the clumps forming in the disc. We showed that these parameters are affected by the numerical resolution achieved in the different runs and, as discussed in Section 3, different resolutions result in different BH accretion histories. We are unable to describe gas dynamics down to the accretion disc scales, even at the highest spatial resolution reached, and this limits our ability to achieve firm estimates of accretion rate and mass growth of the BHs. Yet, the dynamics of gas leading to the formation of dense clouds we observe in all our runs is strongly independent of sub-grid recipes. The gas within the accretion radius of BHs is far from being rotationally supported. Since the relative gas-BH velocity becomes negligible after the capture process, the gas in fact experiences almost radial inflow toward the BHs. Our estimate of the accretion rate is of the same order of the Bondi accretion rate given the temperature and density of the medium surrounding the BHs.
Therefore, despite our accretion histories are not accurate enough from a quantitative point of view, we can be confident about the reliability of the BH-clumps-capture process we observe. Our work should be considered as a proof of concept, robust enough to understand under which conditions and through which processes a cluster of stellar mass BHs can actually experience episodes of super-Eddington growth, and what are the effects on the environment.
We conclude that a radiatively inefficient accretion, together with the aforementioned BH-clumps-capture process, can result in mass growths 10-100 times larger than in the radiatively efficient case, making this mechanism a viable candidate to grow massive BH seeds from stellar mass BHs.
The process we studied can result in a prolonged superEddington accretion phase only as long as the masses of the clumps are comparable or larger than the masses of the accreting BHs. While the gravitational capture itself easily binds small clumps to comparatively massive BHs, the available gas reservoir is not sufficient for significant BH growth. Moreover, even feedback from radiative inefficient accretion severely affects such small clumps.
Other feedback processes, e.g., momentum-driven feedback, might be important, and will be explored in the future. If, however, such processes turn out to be inefficient, this could naturally allow the galaxy to remain highly starforming despite the fast growth of the MBH, perhaps explaining the new puzzling observation of a high-z star forming galaxy hosting an SMBH well overweight for its stellar mass (Trakhtenbrot et al. 2015) .
In addition, as soon as a BH becomes significantly heavier than typical gas clumps, it starts migrating toward the centre of the disc via dynamical friction. This process will naturally bring the most massive BH (the one that by chance had the largest mass growth, i.e., BHtop) to the centre of the host galaxy, where MBHs are commonly observed. At this point, however, further clumps forming in the disc no longer interact with the central BH.
In order for the large nuclear gas reservoir assumed in our initial conditions to be present in the galactic nucleus disc angular momentum needs to be removed well before gas turns into stars, so that inflowing material can be, at least partially, accreted by the central BH. This is of course the longstanding fuelling problem of MBH debated in the community (e.g., Hicks et al. 2013 , and references therein), and its discussion is beyond the goal of the present study. Paper II will deal with the nuclear properties and gas inflows in a galaxy at z ∼ 6−10 which by z = 3 will have a mass comparable to that of the observed clumpy star forming discs, thus allowing to place our model more properly in the context of galaxy formation and test its assumptions and outcomes. Preliminary analysis shows that the mass enclosed within a hundred pc scale fluctuates between a few times 10 7 M and just above 10 8 M . So, as mentioned in Section 2, our initial conditions seem to be well motivated.
We finally note that, whenever inflowing gas refills the circum-nuclear disc, the whole process we simulated is rejuvenated: a new massive BH seed will be formed, sinking to the centre of the galaxy and eventually forming an intermediate massive black hole binary bound to coalesce owing to gravitational radiation losses. This kind of systems may be a perfect target for the planned eLISA observatory (AmaroSeoane et al. 2013).
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